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Introduction 

This  report  gives  a summary  of  our  present  understanding  of  the  physical 

properties  of  lanthanum  hexaboride.  This  compound  has  become  of  interest  for  use 

as  cathode  material  of  high  emission  density  with  good  stability  in  contaminating 

environments.  Thus,  it  is  presently  extensively  employed  in  electron  microscopes. 

Its  potential  as  an  alternative  to  conventional  cathode  materials  has  spawned 

considerable  research  effort  over  the  last  few  years.  Aerospace  interest  results 

from  the  possible  application  of  LaBg  cathodes  for  beam  generation  in  space  borne 

TWT  amplifiers.  Although  for  emission  purposes  LaBg  is  of  prime  interest  other 

hexaboron  compounds  have  very  similar  physical  properties  and  in  many  instances 

are  discussed  in  conjunction  with  LaB.  in  order  to  elucidate  the  effect  of  atomic 

0 

parameters,  etc.  It  is  believed  that  the  literature  index  given  at  the  end  is  fairly 
complete  for  physics  related  work  which  has  appeared  since  1968. 

Crystal  Structure 

The  crystal  structure  of  LaBg  (or  any  MBg  compound  where  M stands  for  a 
metal  ion  of  the  earth  alkaline  or  rare  earth  series)  is  shown  in  Fig.  1.  It  forms  a 
cubic  lattice  of  octahedral  boron  cages  with  the  metal  ion  in  the  bcc  position. 
Depending  on  size  or  valency  of  M the  lattice  constant  varies  between  4.17  and 
4.29  A.  The  boron  framework  is  covalently  bonded  sharing  nearly  20  electrons  per 
cage,  where  about  2 electrons  are  supplied  by  the  metal  ion  whose  bond  to  the 
crystal  appears  to  be  of  primarily  ionic  character.  The  remaining  electron(s)  (one 
per  M for  the  case  of  LaBg)  impart  a metallic  character  to  the  material.  LaBg 
behaves  as  a metallic  conductor  having  a resistivity  of  8.9  /ifi  cm  at  20°C  (58  nfl 
cm  for  La)  with  a positive  thermal  coefficient  of  resistance  of  0.060  (if 2 cm  deg.* 
The  stability  of  the  compound  is  determined  by  the  boron  framework  rather  than  by 
the  metal  atom,  and  as  long  as  the  electronic  requirements  of  this  framework  are 
maintained,  the  stability  appears  unaffected  by  other  changes,  as  for  instance  the 
creation  of  vacant  sites  through  La  diffusion,  or  even  the  incorporation  of  different 


metal  ions.  The  stability  accounts  for  the  high  melting  point  (approximately 
2200°C  to  2700°C,  depending  on  stoichiometric  ratio)  and  the  chemical  inertness, 
properties  more  akin  to  those  of  pure  boron. 

Electronic  Band  Structure 

Band  structure  calculations  have  advanced  to  the  stage  where  fair  correlation 

with  experimental  observations  exists  although  detailed  agreement  has  not  been 

attained  as  yet.  The  results  of  the  most  recent  calculation  of  the  E vs.  k relation 

2 

for  the  various  crystalline  directions  by  Hasegawa  and  Yanase  is  shown  in  Fig.  2. 
In  contrast  to  earlier  calculations,  which  took  only  the  B 2s,  p electrons  into 
account  and  appeared  to  arrive  at  a reasonable  density  of  states  distribution 
which  agreed  with  data  deduced  from  XPS  (X-ray  photo  electron  spectroscopy) 

4 

measurements  , the  more  recent  results  indicate  strong  hybridization  of  the  La 

5d  and  6s  bands  with  those  of  B which  can  definitely  not  be  neglected.  The 

calculations  shown  in  Fig.  2 are  self-consistent  and  have  been  carried  out  by  means 

of  a nonrelativistic  symmetrized  augmented  plane  wave  method.  The  La  d bands 

appear  near  the  Fermi  energy,  Ep,  and  show  strong  wave  vector  dependence;  Ep 

cuts  one  such  band.  The  density  of  states  distribution  deduced  from  this  data  are 

shown  in  Fig.  3.  The  valence  states  between  3 and  11  eV  below  Ep  consist  mainly 

of  the  B 2 s.o  states  and  it  is  this  group  of  states  which  has  been  observed  in  the 

5 

XPS  measurements.  More  recent  measurements  on  the  density  of  states  by  UPS 
(Ultra-Violet  Photoelectron  Spectroscopy),  a method  more  suitable  for  reliable 
spectroscopy  of  states  near  the  Fermi  energy,  and  whose  results  are  shown  in  Fig.  4, 
have  not  been  interpreted  as  yet  with  respect  to  the  above  band  calculations. 
Since  the  peak  at  2 eV  has  been  identified  as  being  caused  by  a surface  state,  it 
appears  that  the  experimental  spectrum  does  indeed  indicate  a 3.5  eV  wide  "gap" 
below  Ep  as  apparent  in  Fig.  3.  Definite  conclusions,  of  course,  can  only  be  drawn 
after  a detailed  evaluation  of  the  convolution  of  initial  and  final  states  has  been 
made. 

A comparison  with  optical  reflection  data  does  not  agree  very  well  with  the 
band  structure  of  Fig.  2.  This  data  has  been  interpreted  on  the  basis  of  the 
dielectric  properties  of  metals,  with  the  dielectric  function  being  a strong  function 
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2 Bandstructure  of  LaB^  as  calculated  by  Hasegawa  and  Yanase.  (1 
= 13.6  eV) 
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of  the  density  of  states  distribution.  For  intra  band  transitions  Drude  analysis 
applies.  Taking  free  electron  and  interband  contributions  into  account,  Suzuki,  et 

g 

al.,  arrive  at  a calculated  dielectric  function  as  shown  in  Fig.  5 which  agrees  very 

7 

well  with  experimental  data  by  Kierzek-Pecold.  They  deduce  from  this  data  that 
tiie  top  of  the  main  valence  band  is  about  1 eV  below  the  bottom  of  the  conduction 
band,  which  contrasts  with  the  data  of  Fig.  2,  where  the  top  of  the  main  valence 
band  reaches  or  even  exceeds  the  bottom  of  the  conduction  band.  Consequently, 
the  band  calculations  tend  to  give  too  small  a bandgap,  a tendency  apparently 
common  to  standard  band  calculation  methods.  However,  as  deduced  from  Fermi 
surface  studies,  the  free  electrons  are  not  of  s-character,  where  the  free  electron 
model  can  be  unambiguously  applied. 

Fermi  surface  determinations  by  deHaas-van  Alven  and  magneto  resistance 

8 9 

techniques,  made  independently  by  Arko  et  al.  and  Ishizawa  et  al.  arrived  at  a 
shape  which  consists,  as  shown  in  Fig.  6,  of  nearly  spherical  ellipsoids  located  at 
the  X points  of  the  Brillouin  Zone  and  interconnected  by  narrow  necks.  (Note  that 
this  shape  contrasts  with  that  of  the  free  electron  model  where  the  sphere  is 
centered  (atr)  in  the  Brillouin  Zone.)  Here  the  neck  shape  is  not  entirely  certain 
as  yet  due  to  the  possibility  of  "Magnetic  breakdown"  in  the  experiments.  The 
cyclotron  mass  is  about  0.7  mQ  and  the  carrier  density  obtained  from  the  Fermi 
surface  corresponds  to  one  electron  per  unit  cell.  The  band  calculations^  indicate 
a Fermi  surface  whose  character  is  consistent  with  that  obtained  by  measurement, 
although  the  calculated  neck  sizes  are  much  too  large. 

Phonon  Modes  and  Superconductivity 

Some  phonon  modes  in  the  boron  structure  have  been  investigated  through 

Raman-active  light  scattering  on  various  MBR  compounds,  from  which  the  force 

® 10  11  12 

constants  and  their  variation  with  ion  radius  could  be  deduced  (Fig.  7).  ’ ' The 

Raman-active  modes  are  shown  in  Fig.  8.  It  is  found  that  the  B-B  stretching  modes 
(A^  and  of  Fig.  8)  are  strongly  affected  by  the  inter-octrahedral  bond  length) 
while  the  B-B-B  valence  angle  bending  mode  (Fjg)  ^ a^ecte<^  by  screening  of  the 
metal  electrons  as  deduced  from  the  dependence  on  valency  of  M.  It  furthermore 
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Fig.  5.  Dielectric  function  and  reflectivity  as  calculated  by  Suzuki  et  al.C 

7 

Experimental  data  are  taken  from  Kierzek-Pecold.  In  the  lower  right 
hand  position  of  (a)  the  peak  of  the  density  of  states  in  the  valence  band 
Ls  indicated,  is  the  dielectric  function  as  deduced  for  free 

electrons  (Drude  model). 


' >w  W ■ " 

;( 

) 

( 

^ 

i 

i 

suggests  an  ionic  character  of  the  metal-boron  bond.  This  conclusion  appears  to  be 
confirmed  by  resistivity  vs.  temperature  measurements1  on  single  crystal  LaBg 
with  a resistivity  ratio  between  room  temperature  and  4 K of  450:1,  where  the 
i authors  found  it  necessary  to  postulate  a polar  optical  phonon  branch  with  a Debye 

temperature  0 = 920  K in  order  to  explain  their  data.  At  room  temperature  about 
30%  of  the  resistivity  of  the  LaBg  is  due  to  optical  phonon  scattering.  There 
appears  to  be  no  independent  confirmation  of  the  optical  phonon  spectrum  (by,  for 
instance,  infrared  spectroscopy). 

The  strong  phonon  modes  of  MBg  compounds  give  rise  to  exceptionally  large 

electron-phonon  enhancement  factors  which  would  expect  one,  on  the  basis  of 

13 

common  superconductive  theory,  to  observe  large  transition  temperatures. 
(Naive  application  of  the  McMillan  theory  results  in  27 < Tc  < 61°K).  Inductive 
measurements  reveal  for  LaBg  Tc  = 0.122°K.  This  striking  failure  of  theory  is 
believed  to  be  related  to  the  very  different  phonon  spectra  - "hard"  boron-based 
modes  and  "soft"  lanthanum-based  modes  in  LaBe  - compared  with  those  of  Nb  or 

O 

other  more  common  superconductors  used  in  the  derivation  of  McMillan's  theory. 
Note  that  YBg  has  a Tc«  7°K,  but  Y is  superconducting  only  under  high  pressure. 
In  contrast  La  metal  is  superconducting  at  temperatures  below  Tc  = 4.9°K.  Clearly 
the  superconductive  properties  of  metal-boron  compounds  are  not  understood  as 
yet. 

Surface  Structure 

The  structure  of  the  (100)  surface  of  LaB-  is  presently  believed  to  be  as 

t ii  B 

shown  in  Fig.  9 and  Fig.  10  * The  rather  large  La  atoms  form  the  terminal  plane 
and  because  of  its  electro  positive  character  vs.  the  electro  negative  one  of  B 
forms  a dipole  layer  which  is  responsible  for  the  rather  low  work  function  observed 
on  LaBg.  LEED  data  indicate  no  reconstruction  (from  cubic  bulk)  to  occur  at  the 
surface.  Several  experimental  results  indicate  that  the  La  atoms  form  the  top 
layer:  a)  Surface  oxidation  does  not  change  the  structure  but  reduces  the  AES 
(Auger  Electron  Spectroscopy)  signal  of  boron,  while  leaving  the  La  signal  intact, 
which  suggests  an  oxygen  arrangement  as  shown  in  Fig.  10  where  the  terminal 


: 
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Fig.  10.  Fig.  9 viewed  from  top,  with  position  for  oxygen  arrangement  indicated.14 
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plane  consists  of  oxygen  sitting  on  top  of  B in  the  grooves  between  the  La  atoms, 
b)  The  other  indication  arrives  from  angular  resolved  energy  loss  spectra,  which  at 
glancing  angle  of  electron  escape  (from  only  the  top  two  layers  or  so)  show  strong 
La  lines,  but  weak  B lines  suggesting  "shadowing"  by  the  top  layer  consisting  of  La 
atoms.15 

Surface  Band  Structure 

5 

From  angle  resolved  electron  loss  spectra  obtained  by  UPS  and  shown  in  Fig. 
4,  a two-dimensional  energy  band  of  the  (100)  surface  has  been  determined  which  is 
shown  in  Fig.  11.  The  authors  argue  that  the  upper  band  cannot  be  derived  from 
boron  dangling  bonds  alone  since  then  the  energy  widths  in  the  rX  and  TM  direction 
could  not  be  similar.  The  bond  coupling  P P*  would  be  stronger  than  that  of  P P in 
Fig.  9.  The  solution  suggested  is  the  shown  position  of  the  La  ion.  Now  the  B 
dangling  bond  overlaps  with  the  electron-orbital  of  the  La  atom  and  an  equalization 
of  bond  strength  in  both  directions  appears  plausible.  A more  detailed  analysis  of 
the  surface  bonds  will  have  to  await  bandstructure  calculations. 

Emission  Characteristics 

Thermionic  emission  density  is  a strong  function  of  the  crystal  plane  from 

which  emission  is  observed.  The  anisotropy  of  thermionic  electronic  emission 

16 

values  for  a single  crystal  emitter  cathode  is  shown  in  Fig.  12.  These  data  were 
obtained  from  a < 100  > axial  orientation  crystal  with  a naturally  faceted  tip,  which 
was  electrolytically  etched  to  a tip  radius  of  1 - 2 nm.  The  electrons  were 
accelerated  towards  an  anode  with  a 1 mm  aperture,  behind  which  a Faraday 
collector  was  placed.  Noteworthy  is  the  fact  that  nearly  an  order  of  magnitude 
stronger  emission  occurs  in  the  < 1 10  > direction  compared  to  <100>  direction  of 
the  tip.  The  corresponding  current  densities  were  50A/cm  and  5A/cm  respec- 
tively, and  are  believed  not  to  be  assisted  by  field  emission.  (The  tip  field  was  of 
order  105  V/cm.) 

A good  indication  of  the  crystal  surface  dependence  of  emission  is  obtained 

17 

from  field  emission  measurement  from  < 100  > oriented  LaBg  tips.  An  example  is 
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Fig.  12.  Emission  characteristic  from  a <100>  axial  orientation  single  crystal 
tip  of  LaBg  at  1545°K.16 
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shown  in  Fig.  13.  Clearly  surface  orientation  dependent  regular  patterns  are 
visible.  Note,  however,  that  field  emission  patterns  are  not  only  surface  work 
function  dependent,  but  to  a larger  degree  are  determined  by  the  local  surface 
field,  i.e.,  the  curvature  of  local  regions.  The  value  of  these  data  pertains 
primarily  to  the  establishment  of  a temperature  region  where  emission  is  stable. 
While  below  1300  C surface  coverage  by  adsorbates  continuously  changes  the 
emission  pattern,  which  can  be  accompanied  by  a buildup  of  emission,  at  tempera- 
tures between  1400  and  1600°C  the  LaB.  surface  is  free  of  adsorbates  and  emission  is 

O q 

truly  a property  of  LaBg  only.  Significantly  heating  beyond  1600  C changes 

emission  to  an  irregular  pattern,  either  caused  by  a change  in  surface  composition 

or  possibly  by  carbon  outdiffusion  (see  below). 

For  a demonstration  of  the  consistency  of  emission  data  presently  obtained, 

18 

we  show  the  results  of  two  groups  which  appeared  recently.  Oshima  et  al 
published  typical  Richardson  emission  plots  for  (100),  (110)  and  (111)  surfaces  under 
stable  thermionic  conditions  as  shown  in  Fig.  14.  Values  for  Richardson's  constant 

V lO 

and  work  function  are  listed  in  Table  1.  Fig.  15  and  Table  2 show  data  by 
Swanson  et  al.  Clearly,  considerable  difference  exists  not  only  as  to  the  absolute 
values  of  emission,  but  also  the  relative  emission  between  the  crystal  surfaces. 
(Note  the  conversion  factor  of  2.8  • 10  between  the  ordinates  of  Fig.  14  and  15  at 
the  abscissa  value  6 • 104/T).  Interestingly,  the  work  function  for  the  sequence  of 
(100),  (110)  and  (111)  faces  increases  while  the  La  density,  as  determined  by  AES, 
decreases.  However  the  (346)  face  gives  an  exception  to  this. 

Surface  Oxidation 

Extensive  studies  on  surface  oxidation  were  made  by  Goldstein  and 
Szostak.14  Oxidation  of  LaBc  surfaces  increases  the  work  function  and  con- 

D 

sequently  lowers  the  emission.  At  room  temperature  exposure  to  O ^ leads  to  the 
formation  of  a monolayer,  which  on  a (100)  surface  results  in  a work  function 
change  of  1.4  eV.  No  further  increase  occurs  with  further  exposure.  Initially  the 
oxygen  layer  is  amorphous.  Heating  beyond  1000°K  (in  vacuum)  leads  to  a surface 
arrangement  of  oxygen  as  shown  in  Fig.  10,  i.e.,  the  oxygen  atoms  form  a surface 
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0)  (e)  (t) 

Fig.  13.  Field  emission  patterns  as  observed  in  field  emission  microscope  from  a 

LaBg  tip  at  800°C.  Change  in  pattern  is  due  to  variation  of  adsorbate 
1 7 

layers. A 
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TABLE  L A list  of  the  thermionic  work  function  and  the  emission  constants.  The  work  function  for  specimen  6 is  measured  bv 
CPD  at  5X10"*®  Torr.18 


Specimens  (face) 

4> 

(eV) 

A 

(A/cm*  Kl) 

Pressure 

(Torr) 

Comments 

1(100) 

2.  BG 

82 

4xl(T* 

After  heating  at  1200‘C  for  20  h 

2. 88 

85 

4 * 1 O'* 

After  further  heating  at  1200 *C  for  10  h 

2.85 

72 

3*10-* 

After  further  heating  at  1200*C  for  10  b 

2(100) 

2.89 

86 

2.5*10-* 

After  further  heating  at  1400 *C  for  5 b 

2.87 

48 

1.5*10-* 

After  heating  at  1200*C  for  20  h 

3(110) 

2.88 

84 

7*10-* 

After  air-exposing  for  1 h followed 
by  heating  at  1400 *C  for  1 b 

2.66 

14 

1.5*10-* 

After  heating  at  1200*C  for  25  b 

4(110) 

2.65 

47 

8*10-* 

After  repoliRhlng  followed  by  heating  at 
1400  *C  for  1 h 

2.68 

57 

2 *10-* 

After  heating  at  1300*C  for  15  b 

5Q11) 

3.4 

71 

7*10-* 

After  heating  at  1300*C  for  15  b 

6011) 

3.6 

• • • 

5*10-‘» 

Measured  by  CTO  method 

I/Txl04  («■') 


Richardson  plots  for  (100),  (110),  (111)  and  (346)  surfaces  of  LaBfi  by 
19  ° 

Swanson  et.  al. 
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Table  2 . 


Summary  of  work 

function  results  and  comparison 

with  B/R  AES 

19 

ratios. 

Material 

4>  (eV) 
Thermionic 
(at  1600  K) 

J(A/cra2)*** 

(at  1600  K) 

*f(eV) 

FERP 

(at  300  K) 

B/R* 
(AES  at 

*** 

5 kV) 

LaB6(110)* 

2.60 

+ .05 

1.95 

2.8  ± .05 

3.4  ± 

.1 

LaB6(lll)* 

2.90 

± .05 

0.22 

2.8  ± .1 

5.0  i 

.2 

LaBb (100) * 

2.52 

± .05 

3.5 

2.6  ± .05 

3.4  i 

.1 

LaB& ( 346) 

2.41 

± .05 

7.8 

4.1  t 

.2 

LaB^ (100)** 

2.70 

± .05 

1.0 

2.3  - 2.6 

3.3  ± 

.1 

CeB6(100)** 

2.62 

± .05 

1.7 

2.5  ± .05 

2.2  ± 

.1 

SmB6(100)** 

3.92 

t .05 

1.4  x io-4 

4.3  ± .05 

4.0  ± 

.3 

BaB6(100)** 

3.40 

± .05 

5.9  x 10~3 

3.4  ± .05 

6.8  ± 

.4 

*Zone  melted  material 
**Molten  A1  flux  growth 
***Zero  field  current  densities 

****Based  on  elemental  sensitivity  of  B(179)  and  R(MNN)  transitions  and  in- 
cluding corrections  for  atomic  densities  between  elemental  and  compound 
forms* 

FERP  = Field  emission  retarding  potential  method. 
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mesh  identical  to  that  of  clean  LaBg.  At  temperatures  above  500°C  the  reaction 

of  LaB.  with  oxygen  increases  sharply.  Strong  indications  of  oxide  state  B and  La 
, ® 20 

i are  clearly  seen  by  chemical  shifts  in  the  Auger  spectra.  The  color  changes  from 

purple  to  deep  red.  The  surface  is  amorphous.  A total  work  function  change  of 
2.42  eV  compared  with  clean  LaBg  is  observed. 

Surface  Stability  and  Evaporation 

! An  extensive  study  of  (001)  surface  evaporation  under  clean  and  oxidized 

14 

conditions  was  done  by  Goldstem  and  Szostak.  They  measured  evaporation  rates 

as  shown  in  Fig.  16.  Note  that  the  evaporation  of  La  is  considerably  larger  than 

that  of  B (ratio  5:1)  in  contrast  to  previously  reported  resuits  which  indicated 

21 

nearly  stoichiometric  evaporation  rates.  However,  no  La  enrichment  is  observed 
(as  measured  with  AES)  leading  the  authors  to  conclude  that  no  activation  of  the 
surface  for  emission  is  necessary,  but,  that  the  surface  is  the  natural  one  obtained 
by  cleavage.  A further  conclusion  is  that  the  replenishment  of  La  at  the  surface  is 
readily  accomplished  by  diffusion.  Evaporation  rates  become  appreciable  at 
temperatures  in  excess  of  1500°C.  With  oxygen  present,  evaporation  occurs  at 
lower  temperature.  Oxides,  however,  can  be  eliminated  by  heating  into  the  1600°C 
range  with  only  La  and  B remaining.  The  correlation  of  the  evaporation  rates  of  B, 
La  and  other  rare  earth  metals  with  their  metal  vapor  pressures  has  these  authors 
postulate  a surface  layer  at  large  temperature  (1400°C  and  above)  which  is  akin  to 
the  metal  phase  per  constituent,  more  so  than  the  LaBg  phase,  to  which  the  surface 
layer  reverts  at  lower  temperatures.  The  blurring  of  the  LEED  pattern  under  this 
condition  appears  supportive  of  this  view. 

19 

Somewhat  different  results  were  obtained  by  Swanson  et  al.  who  studied 
* vaporization  rates  of  LaBg  and  other  metal  borides  (Ca,  Ba,  Ce)  and  found  great 

variability  in  the  activation  energies,  E,  for  the  evaporation  process  depending  on 
stoichiometry  and  impurity  content.  Usually  Eg  < E^,  which  correlates  with  a 
B/M  ratio  considerably  smaller  than  6.  Long  heating  times  tended  to  increase  and 
equalize  Eg  and  EM.  The  largest  Eg,  EM  and  thus  the  lowest  vaporization  rate  was 


obtained  with  LaB_.  One  would  conclude  from  this  data  that  Goldstein  and 
14  6 

Szostak  measured  on  crystals  rich  in  La  which  had  not  reached  near  stoichio- 

. . 19 

metric  composition  as  yet.  The  measurements  by  Swanson  et  al.,  obtained  on 

various  single  crystal  surfaces  are  corroborated  by  vaporization  measurements  of 

22 

Storms  and  Mueller,  obtained  on  LaBg  in  powdered  form.  These  authors  propose 

a phase  diagram  for  LaBg  shown  in  Fig.  17.  A very  narrow  composition  range 

exists  only  near  the  stoichiometric  ratio  B/La  = 6.  At  differing  ratios  the 

existence  of  other  phases  is  presumed,  particularly  La  B^  and  La  Bg. 

It  appears  from  the  above  that  vaporization  rate  is  the  most  sensitive 

variable  observed  on  LaB„  emitters,  depending  strongly  on  unpredictable  stoichio- 

” 19 

metric  variations.  Comparison  by  Swanson  et  al.  with  work  function  data 
indicates  a certain  correlation,  however,  less  than  would  be  expected  on  the  basis 
of  the  large  observed  changes  of  the  activation  energies.  This  leads  to  the 
conclusion  that  the  surface  of  the  crystal  reaches  equilibrium  near  stoichiometry 
much  more  rapidly  than  the  bulk.  The  vaporization  appears  diffusion  limited  from 
the  bulk. 

18 

In  experiments  leading  to  emission  plots  shown  in  Fig.  14,  it  was  observed 

that  the  emission  from  (110)  crystal  surfaces  at  1400°C  at  5 x 10  ® Torr  pressure 

(by  a crystal  of  low  impurity  content)  exhibited  a gradual  change  of  work  function 

from  2.86  eV  to  3.1  eV  within  50  hours.  In  oxygen  of  the  same  pressure  the  change 

occurred  more  rapidly.  The  changes  were  accompanied  by  the  formation  of  a hill 

and  valley  structure  on  the  surface.  Through  LEED  analysis  it  was  determined  that 

2 

faceting  occurred  where  small  areas  of  1 or  less  recrystallized  into  the  much 
more  stable  (111)  configuration.  The  (111)  surface,  however,  has  a higher  work 
function  (3.4  eV)  and,  therefore,  the  emission  decreases.  Adsorption  of  monolayers 
of  oxygen  with  subsequent  evaporation  at  1400°C  at  10  Torr  only  very  gradually 
removed  the  (111)  spots.  No  such  faceting  was  observed  on  the  other  crystal 
surfaces. 

Clearly  this  phenomenon  is  crucial  for  emission  stability  and  requires  further 
attention  when  considering  LaBg  for  long  lifetime  cathodes. 


B/LO  ATOM  RATIO 


Partial  phase  diagram  of  the  La-B  system  in  the  region  of  LaBg. 
composition  and  temperature  range  of  Knudsen  studies  are  indicated 


melt  of  these  materials  would  require  high  temperature  technology  which  may  not 
be  economic  or  desirable  for  other  reasons.  Fortunately,  there  are  other  options 
available.  They  are: 

(a)  crystallization  using  a molten  flux 

(b)  vapor  phase  crystallization 

(c)  electrolytic  crystallization 

(d)  zone  refinement  of  hot  pressed  powders. 

(e)  growth  from  melt 

In  the  following  these  processes  are  described  with  particular  reference  to 
the  growth  of  LaBg  single  crystals. 

(a)  Crystallization  Using  a Molten  Flux 

Although  the  details  of  experimental  methods  may  vary,  the  basic  process  is 
the  same  and  depends  on  the  use  of  a non-reactive  molten  flux  as  a medium 
allowing  the  free  motion  of  the  solute  atoms  in  the  solvent.  In  the  growth  of  LaBg, 
the  flux  is  typically  aluminum  which  has  a melting  point  of  660°C  and  is  easily 
dissolved  away  when  the  processing  is  done.  The  melt  is  composed  of  A1  powder 
(325  mesh)  97  wt%  and  3 wt  % LaBg  powder  (325  mesh).  In  place  of  the  LaBg 
compound,  powders  of  pure  La  and  B have  been  used25  (2  wt%  La  to  12  wt%  B).  The 
mixture  is  placed  in  an  alumina  crucible  and  heated  rapidly  in  an  argon  atmosphere 
to  a temperature  as  1200°C.  (The  argon  atmosphere  is  necessary  because  metal 
hexaborides  are  susceptible  to  surface  oxidation.)  It  is  held  at  this  temperature  for 
some  period  of  time  and  then  slowly  cooled  to  room  temperature. 

25 

As  previously  stated,  the  details  of  this  process  vary.  Aita  et  al.  heated 
the  mixture  to  1500°C  and  held  it  at  this  temperature  for  8 hours,  while  Futamoto 

ft/*  O 

et  al.  heated  the  mixture  to  1200  C and  held  it  for  5 to  10  hours.  Present  work 
indicates  holding  at  1400°C  for  6 hours  is  sufficient  to  allow  for  a complete  mixing 
of  solute  atoms  throughout  the  solvent.  Although  the  actual  atomic  processes  are 
not  known  at  this  time,  it  is  postulated  that  the  elevated  temperature  allows  each 
species  to  dissociate  into  individual  atoms  in  the  solution;  when  cooling  begins,  the 
atoms  migrate  into  energetically  favorable  bonding  orientations.  Factors  such  as 
ionic  size,  electronegativity  and  symmetry  of  the  bond  structure  influence  the  final 


-35- 


structure. 


26 

The  rate  of  cooling  also  varies;  Futamoto  et  al.  varied  the  cooling  rate 

from  6 to  75°C/hour.  They  found  that  the  thickness  of  the  resulting  crystals  of 

needle-like  appearance  decreased  with  an  increased  cooling  rate.  The  rate  must  be 

slow  enough  to  allow  effective  diffusion  of  La  and  B through  the  solvent  as  well  as 

allowing  for  the  reaction  to  occur  at  the  interface  of  the  crystal. 

After  the  solution  has  cooled  to  room  temperature,  the  solid  aluminum  is 

removed  with  HC1  or  NaOH  solutions.  The  crystals  form  three  shapes:  cubes, 

3 

platelets  and  needles.  The  cubic  crystals  average  1 mm  whereas  the  needles  are 

o 

about  5 mm  long  and  have  a cross  section  of  0.1  to  0.5  mm  . 

The  habit  plane  for  the  growth  of  the  crystals  is  the  (100)  face,  and  these 
faces  form  the  sides  of  the  cubes  and  plates.  The  growth  direction  is  <100>. 

(b)  Vapor  Phase  Crystallization 

Vapor  phase  crystallization  is  accomplished  by  the  use  of  a quartz  tube 

apparatus  with  two  sight  holes  for  measuring  the  temperature  as  done  by  Niemyski 
27 

et  al.  A graphite  chamber  is  placed  inside  the  quartz  tube;  this  is  heated 
inductively,  providing  two  different  temperature  zones.  The  first  zone  is  pres- 
surized with  boron  trichloride  (BCl^)  and  hydrogen,  and  is  heated  to  1000°C.  A 
tablet  of  pressed  LaBg  is  placed  in  this  chamber  where  it  reacts  with  the  gases. 
This  vapor  is  then  transported  to  the  second  zone  where  the  temperature  is  raised 
to  1350  -1450°C.  Here,  the  crystals  are  formed.  Experimental  results  show  that 
the  size  and  habit  plane  are  influenced  by  the  temperatures  and  the  gas  flow  rate 

as  well  as  the  proportions  of  BCI_  and  H.  used. 

6 1 3 

This  process  produced  crystals  which  were  cubic,  ranging  up  to  1 mm  . These 

crystals  are  in  the  form  of  octahedra  with  (111)  habit  planes,  or  cubes  with  (100) 

27 

habit  planes.  Niemyski  et  al.  state  that  by  lowering  the  temperature  in  the 
second  zone  to  1300°C,  layers  of  LaBg  could  be  deposited  on  a substrate,  forming 
emission  coatings  on  a surface. 

(c)  Electrolytic  Crystallization 

One  of  the  major  advantages  of  electrolytic  crystallization  is  that  growth 
processes  may  be  studied  in  detail  due  to  the  fact  that  the  growth  rate  can  be 


i 
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varied  directly  by  an  adjustment  of  the  current  flow.  The  linear  growth  rate  of  the 
crystals,  v , is  related  to  the  current  density,  i,  by 

v = 

IT 

3 ”1 

where  fi  is  the  molar  volume  (77.8  cm  mole  for  LaBg  at  RT),  F is  Faraday's 

constant,  2 is  the  number  of  electrons  to  deposit  one  molecule,  and  € is  the  current 

efficiency  factor.  The  maximum  stable  growth  rate,  according  to  Elwell,  et  al.  , 

-6  -1 

is  approximately  1 x 10  cm  sec  which  corresponds  to  an  applied  current  density 
_o 

of  30  mA  cm  for  e = 1. 

The  components  of  the  electrolytic  melt  (2.2  mol%  LajO^,  33.5  mol%  62^3’ 
31.2  mol%  Li„0  and  33.1  mol%  LiF)  were  placed  in  a nickel  crucible  under  a 

It  - 

helium  atmosphere.  The  growth  occurred  at  800°C  on  a gold  wire  cathode  0.075 
mm  in  diameter.  The  anode  was  gold  foil  about  1 cm  . The  cell  potential  was 
maintained  between  1.85  and  2.0  V.  This  process  produced  crystals  in  a mass  with 
cubic  (100)  habit  planes. 

The  crystals  grew  in  terraces  with  a (100)  face  which  grew  slowly  across  the 
crystal  face.  As  the  current  density  is  lowered,  these  pyramidal  projections  are 
reduced  in  relation  to  the  overall  dimensions  of  the  crystal.  If  the  current  is 
raised,  dendritic  projections  begin  to  occur  from  the  corners  of  the  cubes.  These 
dendrites  are  projected  in  the  <100>  directions,  and  the  sides  of  the  dendrites  were 
formed  from  (100)  terraces. 

(d)  Zone  Refinement 

One  procedure  to  be  discussed  is  the  primary  method  of  producing  LaBfi 

29  . . ® 

cathodes  for  use  in  electron  microscopy.  The  LaBg  powder  is  hot-pressed  into 

tablets.  An  arc  float  zone  technique  is  used  which  zone  refines  and  partially 

crystallizes  the  hot  pressed  tablet.  As  a current  is  passed  through  the  material,  a 

small  molten  zone  is  formed  in  the  tablet.  As  this  zone  moves  through  the 

material,  impurities  are  forced  to  move  into  the  molten  zone  as  the  LaBg 

recrystallizes.  These  impurities  move  to  the  end  of  the  crystallized  material  and 
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are  trapped  there  where  they  can  be  cropped  off.  Five  or  six  passes  of  this  nature 
will  produce  a LaBg  cathode  with  an  impurity  content  of  « 1 ppm.  However,  this 
material  is  still  a polycrystalline  material. 

A slight  modification  of  this  procedure  produces  high  purity  LaB_  crystals  by 

30  b 

multi-float  zone  passage.  Polycrystalline  rods  are  heated  by  RF  induction 

o 

heating  under  pressurized  argon  gas  (15  kg/cm  ).  The  extent  of  purity  attained 

after  three  zone  passages  can  be  judged  from  the  fact  that  a resistivity  ratio  as 

high  as  450  was  measured  between  room  and  liquid  helium  temperature.  Again  the 

final  product  is  not  exactly  single  crystalline  but  consists  of  subgrains  with  sizes  of 
3 

order  1 mm  . Maximum  misorientation  is  reported  to  be  a few  degrees.  Crystal 
dimensions  as  large  as  7 mm  diameter  by  60  mm  length  have  been  obtained. 


(e)  Growth  from  Melt 

The  most  significant  problem  to  be  faced  in  the  growth  of  single  crystal 
metal  hexaborides  is  that  of  creating  an  environment  with  a high  enough  tempera- 
ture to  exceed  the  melting  point  of  these  materials.  If  temperatures  of  « 2700°C 
can  be  achieved,  and  the  resultant  melt  can  be  properly  contained  and  controlled, 
it  will  be  possible  to  produce  much  larger  single  crystals  through  a pulling  of 
Czochralski  technique  using  a seed  crystal  which  is  rotated  as  it  is  withdrawn  from 
the  melt.  No  crystal  growth  by  this  procedure  has  been  reported  as  yet. 

CONCLUSION 

Obviously,  a lot  remains  to  be  done  to  complete  our  understanding  of  the 
physical  properties  of  LaBg  and  other  metal  hexaborides.  More  experimental 
results  on  band  structure  information  at  the  various  crystal  surfaces  is  required  in 
order  to  provide  a basis  against  which  to  check  and,  if  necessary,  to  improve 
theory.  For  elucidation  of  electron  transport  processes,  phonon  spectra  are 
needed,  where  very  little  information  is  presently  available.  Electron-phonon 
interactions  and  resultant  superconducting  properties  of  hexaborides  in  general 
remain  of  great  interest  and  presently  afford  considerable  attention  within  the 
scientific  community. 
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The  emission  properties  of  LaBg  and  other  MBg  compounds  also  need  further 

clarification.  Evaporation  rates  of  constituents,  crystal  surface  structure  and 

stability  in  the  presence  of  oxygen  and  other  tube  gases  as  well  as  most  desirable 

metal  constituents  for  large  emission  currents  remain  to  be  firmly  established. 

The  manufacture  of  large,  truly  single  crystals  (5  mm  dia)  will  not  only  help 

experimentation  on  other  than  (100)  surfaces  but  also  establish  the  use  of  the  LaB„ 

o 

compound  as  cathode  material  for  large  current  density  e-beam  generation  in 
power  devices. 
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LABORATORY  OPERATIONS 


The  Laboratory  Operation*  of  Tha  Aaroapaca  Corporation  ia  conducting 
anparimaatal  and  tbaorotlcal  invaatigationa  nacaaaary  for  tha  avaluation  and 
application  of  adantiflc  advancaa  to  now  military  concapta  and  ayatama.  Ver- 
satility and  flaxibility  hava  baan  davalopad  to  a high  dagraa  by  tha  laboratory 
paraonnal  in  dealing  with  tha  many  problama  encountered  in  tha  nation'a  rapidly 
developing  apace  and  mieaile  ayatama.  Exparti  a « in  tha  lateat  eclentlflc  devel- 
opmenta  ia  vital  to  tha  accompliahmant  of  taaka  related  to  thaae  problama.  Tha 
laboratoriee  that  contribute  to  thia  raaaarch  are: 

. Aerophvalca  Laboratory:  Launch  and  reentry  aerodynamica,  heat  trana- 
far,  reentry  phyaica,  chemical  kinatica,  atructural  mechanica.  flight  dynamica, 
atmoapheric  pollution,  and  high-power  gaa  laaera. 

Chemistry  and  Phyaica  Laboratory:  Atmoapheric  reactione  and  atmoe- 
pheric  optica,  chemical  reactiona  in  polluted  atmoapharea.  chemical  reactione 
of  excited  apaciaa  in  rocket  plumea.  chemical  thermodynamic  a,  plaema  and 
laaer-induced  reactiona,  laaar  chcmiatry,  propulaion  chemietry,  apace  vacuum 
and  radiation  effecta  on  materlala,  lubrication  and  aurface  phenomena,  photo- 
aenaitive  materlala  and  aenaora,  high  precieion  laaar  ranging,  and  tha  appli- 
cation of  phyaica  and  chamietry  to  problama  of  law  enforcement  and  biomedicine. 

Electronics  Raaaarch  Laboratory:  Electromagnetic  theory,  devicea,  and 
propagation  phenomena.  Including  plasma  electromagnetics;  quantum  electronica, 
laaera.  and  electro-optica;  communication  aciencaa,  applied  electronica,  a ami  - 
conducting,  auperconducting,  and  cryetal  device  phyaica,  optical  and  acouetlcal 
imaging;  atmoapheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materlala  Sciences  Laboratory:  Development  of  new  materlala;  metal 
matrix  compoeltea  and  new  forma  of  carbon;  teat  and  evaluation  of  graphite 
and  ceramice  in  reentry;  apacecraft  materlala  and  electronic  componente  in 
nuclear  weapona  environment;  application  of  fracture  mechanlce  to  etreae  cor- 
roaion  and  fatigue -Induced  fracturea  in  atructural  metala. 

Space  Sciencea  Laboratory:  Atmoapheric  and  lonoepheric  phyaica,  radia- 
tion from  the  atmoaphere,  density  and  compoaition  of  the  atmosphere,  auroraa 
and  airglow;  magnetoapheric  phyaica,  coamic  raya,  generation  and  propagation 
of  plaama  wavea  in  the  magnetoephere;  aolar  phyaica,  atudiaa  of  aolar  magnetic 
flelda;  apace  aetronomy,  x-ray  aetronomy;  tha  effecta  of  nuclear  exploaiona, 
magnetic  etorma.  and  aolar  activity  on  the  earth'e  atmoaphere,  ionoaphere,  and 
magnetoaphere;  the  effecta  of  optical,  electromagnetic,  and  particulate  radia- 
tione  in  apace  on  apace  ayeteme. 
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